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Article Info ABSTRACT 


Previously, a conventional synchronous generator is adapted into the wind 
energy conversion system to supply the required inertial support; however its 
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slow behaviour may worsening the stability problem of the system during 
frequency event. In this paper, a new approach that enables virtual inertial 
support from supercapacitor during sudden load increase e.g. when wind 


turbine experiencing sudden wind or load changes is presented. Here, a new 
approach that can regulate the system frequency by controlling the charging 
Keywords: and discharging process of supercapacitor is demonstrated. Hence, 
an algorithm on how to derive the behavior of supercapacitor and power 


Frequency nadir converter is presented. From the simulation results, it has been found that this 


ROCOF proposed approach successfully reduces the frequency nadir and ROCOF of 
Supercapacitor the system frequency. It also able to avoid the second frequency dips during 
Virtual inertia support frequency recovery time. 
Wind turbine 
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1, INTRODUCTION 

In recent years, wind energy had shown a great development in its generation system [1]. Integrating 
variable speed wind turbine into the grid system can reduce the frequency response and power damping 
capability of wind turbine. This reduction can increase the power difference between supply and load side 
and also could increase the initial rate of change of frequency (ROCOF) [2, 3]. If the value of ROCOF 
increased beyond of its threshold value, it may trigger the operation of protection relays of system inertial 
support (such as synchronous generator (SG)). This occasion can cause the SG to trip and leads to cascading 
failure in the system. Detail explanation of the cascading failure in frequency response during low inertia 
system 1s carried out in [4]. SG 1s one of the existing frequency supports system that had been employed in 
wind energy conversion system (WECS) for years [4-6]. During power unbalance between supply and load, 
SG will release or absorb its stored kinetic energy to prevent transient frequency change. However, due to its 
slow response in providing inertial support during frequency event, better inertial support which also known 
as virtual inertial supports (VIS) that mimics the behaviour of SG are widely proposed. 

VISs are the non SG inertial support which controlled to improve the frequency of the system. 
Researchers keep on improving the performance of such VIS to ensure the improved VIS can give fast 
response during frequency deviation, fast recovery time, enough inertial support and reduce mechanical 
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stress of generator. Currently, there are different types of VIS which widely been implemented in WECS, 
namely, rotating mass, DC-link capacitor [7-9] and energy storage [10-13]. 

In rotating mass, the kinetic energy, (KE) is stored in rotor of wind turbine and normally it will be 
controlled using active power filter (APC). There are supplement loops and gains involved in this method 
which increased its complexity and operating time, particularly when considering large scale wind power 
system [14]. In fact, the stored and released kinetic energy is totally depends on the available wind blow. 
This situation will degrade the system inertial support during underproduction wind speed. This APC also 
can increase the mechanical stress of the generator because it will divert the maximum power point tracking 
(MPPT) wind generator to its inertial support curves. Conversely, in VIS based DC link capacitor; the KE 
support during frequency deviation will be extracted or absorbed by the DC-link capacitor [5]. The charging 
and discharging process of DC-link capacitor will be controlled to merge with the frequency change. 
Unfortunately, the main drawback of this method is its energy sized. This capacitor must be large enough to 
provide temporary inertial response during frequency disturbance. In energy storage, (ES) based VIS, similar 
charging and discharging concept as DC-link capacitor is applied. The difference is in their storage 
characteristics, such as power and energy density, life cycle and capital cost. Not all ESs are applicable for 
VIS [15]. For VIS application, ESs must have high power density to give fast response during frequency 
change. Also, high energy density to provide endless inertial support in any sudden frequency change and 
low capital cost to develop cost-effective inertial support [11]. Another inertial supports which non SG which 
also applicable for WECS is using offshore wind farm [8]. By regulating DC-link voltage and frequency 
control of full converter wind turbine, effective inertial response is successfully provided without any extra 
investment. The huge problem in this proposed method is its involvement of large scale wind turbine. This is 
not applicable for small scale wind turbine. 

Hence, in order to avoid mechanical stress on generator system, enlarge DC link size and slow 
response time during frequency event, this research proposed energy storage to mimic the behaviour of SG to 
provide VIS during frequency event. For VIS application, the ESs must have high power density to give fast 
response during frequency change. Thus, supercapacitor, (SC) is chosen in this research to provide limitless 
VIS, as SC provides high density of power capability, fast response in charging and discharging [16], 
and also has longer life time [17]. The propose approach aims to improve the control technique of SC by 
regulating its charging an discharging process based on every second change of frequency. This aim helps to 
increase the SC performance regardless how sudden the load change. Several publications on implementation 
of SC as VIS can be found in [13, 18, 19]. To summarise, this paper presents the ability of SC acts as VIS in 
wind turbine system operation. A simple but fast VIS can be supplied to the wind turbine system when there 
is fluctuating of wind speeds and also from the load side. An algorithm that derive the relationship the SC 
and the power converter is demonstrated. This then solving the problem of second frequency dip in the 
operational system. 


2. PROPOSED VIRTUAL INERTIAL SUPPORT IN WIND TURBINE SYSTEM 

Figure | illustrates the schematic diagram of the tested system. In this research, approximately 23% 
wind penetration level, (3MW, 575V) is employed to study the effectiveness of supercapacitor (SC), 
in providing virtual inertial support (VIS) especially during sudden load change. This analysis 1s done under 
constant 10m/s wind speed condition. A detailed model of wind PMSG system is used as a test system. 
The rotor side converter (RSC) and grid side converter (GSC) is controlled based on PWM vector control to 
control the generated wind power and maintain the DC link voltage, (1200V) at its rated value respectively. 
Detail explanation on both control systems can be found in [5]. The (SC) is bounded to the DC link through a 
bidirectional DC/DC converter. Here, the synchronous generator (SG) acts as grid system with the rating of 
1IOMVAR, 13.8kV and its governor permanent drop of 4% [5]. The AC common coupling voltage in this 
paper is set to 25kV. LI consists of a fixed load as 7MW+0.7MVAR and other additional load which enters 
the network at second of 50 is set to be 0.7MW+0.07MVAR. The size of the additional load which is 10% 
less than the fixed load is based on [5]. The buck boost converter controls charging and discharging state of 
SC. This state is controlled based on frequency change. If the measured frequency more than 60 Hz, the S1 
will on, while S2 off, then the converter acts as a buck to charge the SC. Meanwhile, if the measured 
frequency less than 60 Hz, the S1 will off, while S2 on, then the converter acts as a boost to provide VIS to 
the network [20]. The size of SC 1s modelled 50% less than DC link voltage [21]. 
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Figure 1. Schematic diagram of tested system 


3. DERIVATION OF SUPERCAPACITOR AND BUCK BOOST CONVERTER 

The SC acts as a power balancer between wind power, Pwr SG power, Psc, and load power, P;. 
Theoretically, the proposed VIS is formulated based on inertia virtual rotating mass and DC link capacitor 
from [5]. Instead of extracting the inertial support from DC-link capacitor and rotating mass which required 
the DC-link to upgrade its size, the SC is proposed here to provide limitless inertial support. 
The implementation of SC in supplying the inertial support had been carried out in several publications 
[13, 18, 19, 22]. However, in this research, a new approach in obtaining the reference value of SC voltage is 
introduced based on the change of frequency. This is because; the imbalance power between load and 
generation will change the dynamic behaviour of system frequency. The mathematical expression of wind 
power, Pwr is expressed as in (1). As shown in (2) expressed the relationship of all the power involved in 
Figure 1 to serve the load L1 and L2. Where p is the air density, r is the rotor blade radius of the wind 
turbine, v,, 1s the wind speed, Cp is the power coefficient, Pscis the power absorb by the SC [23, 24]. 


Py, =0.5 par’v,C,, (1) 
Pur + Pse — Pse — Py =0 (2) 


As shown in (3) expressed the mechanical inertial response in providing VIS from SG [5]. Where H 
is the SG inertia constant, f is the system frequency and AP is the power difference between input mechanical 
power and output electrical power of SG 


2H f “L-sp (3) 


Thus, by considering similar behaviour of the power difference between input and output of SG, AP, 
the (2) can be derived as (4-5). 


P_tP=P =P. (4) 


Let the total input power of the network as P; Thus, /7—/.=sc becomes, 
AP =P,. (5) 
The SC power can also be expressed as: 


; AV 
Psc=lsc Vsc =€sc Vse a (6) 


Therefore, by (3, 5 and 6), the VIS extraction from SC can be expressed as in (7). 


dv df 
Ose’ Se i =2H sc on (7) 





By integrating both side, it will get 
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2 2 
cee) (P27) (8) 


where Ysco and f, is the nominal values for SC voltage and system frequency respectively. Therefore, to 


obtain new reference value of SC voltage, vs-, As shown in (8) can be linearized around its equilibrium 
point, as in (9). Then, the control process is rearranged into (13). 


Av, =2H,. fy Af 


Co Visco (9) 
Thus, the amount of virtual inertial support from SC can be expressed as: 
yo ae ee (10) 
2 fo 
Vp =K, AF +Veeq (11) 
Af=f-f (12) 
where bak Yas and Coo are the current, voltage and capacitance of the super capacitor. Since Kee is the 


control parameter of SC to supply the inertial support, thus this value is set using try and error method. "As the 
ae decreased, the system frequency drop during system disturbance becomes shorter. Thus, 2 is the best 


value for this analysis [5]. 
Total power difference between supply and load, p is summed up with inertial power. The inertial 
T 


power is consists of inertial response of SG and speed governor response of SG, as in (13) [13, 24]. 
Then, these total power will be divided with new SC voltage from (11) to obtained amount of current, i... to 
be released or absorbed by SC, which as stated as in (14). 


P. 


inertial 


=Ky Es Kany AF (13) 


i. = F ota (14) 


Vv 


SC 


where Ky and Koop 18 the coefficient for droop and inertial control. Commonly Ky will be set twice as the 
mertia constant of the WECS [13]. 

Then, the inertial power and total power difference between supply and load will be divided with the 
new SC voltage to obtain related SC current. These current will be converted into PWM to switch the buck 
boost converter either to charge or discharge the SC. Here, the SC rated voltage is set to be 50% of DC link 
voltage, which is 600V. Its rated capacitance is 100 F, ESR is 15 mQ, number of series capacitors are 223, 
initial voltage is 550 V and operating temperature is 25 °C. The value of equivalent series resistance, ESR, 
rated capacitance and rated voltage is obtained from Maxwell Technologies Ultra capacitor datasheet [26]. 


4. RESULTS AND DISCUSSIONS 

Schematic diagram on Figure | 1s modelled and tested using MATLAB/Simulink software to verify 
the effectiveness of the proposed approach in providing VIS during sudden load change. In this test system, 
an additional load is added at second of 50. Then, at this time, the SC is regulated to inject a certain amount 
of power to reduce the frequency nadir and ROCOF of the system frequency. The injected power is based on 
power difference between WT, SG powers with load power. A constant 14m/s wind speed is applied 
throughout the simulation times. 

Figure 2 (a, b) shows the measured system frequency and ROCOF with and without the presents of 
SC. It is observed that, with the presence of SC, during sudden load increase, the frequency nadir of the 
system frequency improve from 58.2 Hz to 59.1Hz. Similar behaviour can be seen in evaluating the ROCOF. 
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In this research, during sudden load change, the SG will generate excess power to accommodate the demand. 
Thus, by improving the frequency nadir of the system frequency, means, the additional mechanical power to 
run the SG during frequency change will decrease compared to without SC. In fact, with the presences of SC, 
the overshoot signal of the system frequency (at initial state) is also reduced from approximately 63.31Hz to 
62.3Hz. Besides, with SC, the frequency signal reach its steady state value at second of approximately 68 and 
remains constant towards the end of simulation time. However without SC, there is second frequency dip 
occurrence within the seconds of 70 to 80. This occurrence might be due to the slow response time of the SG 
after disturbance. Figure 2c shows the state of charge, SOC of SC for 100sec simulation times. Here, the 
switching signals of buck-boost are controlled by the frequency change. For the first 10 sec, since the 
frequency drop from 60Hz to 56Hz, thus the boost is on to discharge the SC. For the next 10 sec, the SC is 
charging because the value of system frequency is more than 60 Hz. Then, at 50 sec, sudden load decrease 
occurred, the SC acts as boost again to discharge the SC until the end of simulation times. However, the SOC 
of SC somewhat did not reach the expectation of charging and discharging process. Further critical analysis 
needs to be done in terms of SOC to avoid the self-discharge and self-charge of SC system. 
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Figure 2. Measured (a) System Frequency, (b) ROCOF and (c) SOC of SC 


Figure 3 displays how much power transfer from SG and WT to accommodate the load L1 and L2. 
The SC did not increase the amount of power received at load. Both measured power at load are the either 
with or without SC. The SC only affect the dynamic performance of system frequency which as mentioned in 
Figure 2. As can be seen here, during the first 50 seconds, with SC, the power supplied from wind turbine is 
lower compared to without SC. This is because; some of the wind power is used to charge the SC. Thus, at 
this time interval, the excess required power is generated by SG. Afterwards, for the rest 50 seconds, 
extra power is extracted from SG to accommodate the requirement of 10% sudden load increase. Further 
critical analysis in controlling the buck boost converter needs to be done to ensure, the SC and wind turbine 
can effectively operates within its charging and discharging interval. 
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The behaviour of DC link voltage of WT system is illustrated as in Figure 4. This DC link voltage 
remains constant at its rated value, 1200 V throughout the entire inertial response. Even though the SC is 
parallel connected to DC-link voltage, the charging and discharging process of SC did not disturbs the DC 
link value. This is because; the grid side converter is designed to maintain the DC link voltage during any 
disturbance. 
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Figure 4. DC link voltage 


5. CONCLUSION 

This paper proposes and analyse a new approach in providing fast virtual inertial support during 
sudden load change for wind PMSG systems. Detailed design and analyses of the proposed method is 
conducted using MATLAB Simulink software. The charging and discharging process of SC is controlled to 
response to every single change of frequency event. It proved that, during sudden load change at second of 
50, the SC not only able to reduce the frequency nadir and ROCOF of the system frequency, but also 
successfully avoid second frequency dip during frequency recovery process. It can also be seen that, 
the amount of generated power from WT and SG are depends on the load demand. However, further critical 
analysis is required in this research to limit the charge and discharge rate of SC. 
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